The role of neutralizing antibodies in the resolution of hepatitis C virus (HCV) infection is increasingly recognized. Early animal studies showed that gamma globulin therapy delayed the onset of acute infection (13) and that this is correlated with antibody capable of inhibiting E2 binding to CD81 (20) and blocking the infection of cells with retroviral pseudotype particles expressing the HCV E1 and E2 glycoproteins (HCVpp) (1) . The protective effect of neutralizing antibodies is further supported by observations that patients with a strong and progressive neutralizing HCVpp antibody response demonstrate decreased viremia and better control of viral replication (14, 19) . Thus, it is likely that any successful HCV vaccine will need to be capable of inducing a protective antibody response. However, a significant challenge for vaccine development is defining conserved epitopes that are recognized by protective antibodies.
We previously described a panel of neutralizing and nonneutralizing human monoclonal antibodies (HMAbs) to conformational epitopes on HCV E2 that were derived from the peripheral B cells of an individual infected with genotype 1b HCV. Cross-competition analyses delineated three immunogenic clusters of overlapping epitopes with distinct functions and properties (11, 12) . All nonneutralizing antibodies fell within one cluster designated antigenic domain A (11) . Neutralizing HMAbs segregated into two clusters designated domains B and C; domain B HMAbs have greater potency than domain C HMAbs in blocking infection with genotype 2a cell culture-infectious virus (HCVcc) (10) . All domain B and domain C HMAbs inhibit E2 binding to CD81, a receptor for HCV that is essential for HCVpp and HCVcc entry into host cells (7, 8, 21) . Although four different HMAbs directed to overlapping epitopes within domain B were isolated from one HCV-infected individual, it remains unclear whether the domain B epitopes on E2 are dominant targets of the immune response. This report describes the isolation of five new HMAbs from a genotype 1a HCV-infected individual that cross-compete with domain B antibodies in the earlier panel (6) that were isolated from a genotype 1b patient. Analysis of these new antibodies has expanded the number of overlapping epitopes within this domain and, moreover, has shown that antibody recognition of this domain is a conserved feature of these two prevalent HCV subgenotypes.
Peripheral blood B cells were isolated from an individual with chronic HCV genotype 1a infection who had a high serum antibody binding titer to E2 and high neutralizing activity (Ͼ1: 10,000 titer) against genotype 1a HCVpp. The B cells were activated by Epstein-Barr virus and used to produce human hybridomas, as described previously (6) . Both HCV 1a and 1b recombinant E2 proteins expressed in HEK293 cells were used as the target antigens. Five hybridomas, designated HC-1, HC-2, HC-11, HC-12, and HC-13, were identified that secreted antibodies that bound to the E2 proteins, using an immunofluorescence assay (11) . Monoclonality was confirmed by sequencing of the immunoglobulin G (IgG) genes isolated from 10 individual cell clones derived from each hybridoma. The cell lines HC-1 and HC-2 produced IgG2 antibodies, and cell lines HC-11, HC-12, and HC-13 produced IgG1 antibodies. All of the secreted IgG possessed light chains, and all of the cell lines secreted approximately 20 to 60 g of human IgG per ml in spent cultured supernatant. Each of the five antibodies immunoprecipitated genotype 1b E2 (Fig. 1) To define the relationship of these new antibodies to those in the earlier antibody panel (6), we carried out a competition analysis using representative biotin-labeled domain A (CBH-4D)-, B (CBH-5)-, and C (CBH-7)-specific HMAbs (12) (Fig.  2) . Each of the five HC HMAbs showed minimum or no competition with domain A-and C-specific antibodies but did show 62 to 89% competition with CBH-5 ( Fig. 2A) , indicating that the epitopes recognized by these new antibodies are located within domain B. Note that Fig. 2A lists the percentages of residual binding of biotinylated test HMAbs in the presence of the competing HMAb to HCV 1b E2. The same competition analysis using HCV 1a E2 suggested a domain allocation for these antibodies similar to that in 1b E2, indicating that domain In this analysis, the cross-competition percentages of any two antibodies were averaged and expressed as a fraction; the smaller the fraction, the greater the cross-competition (12) . Circles are clusters of antibodies in a specific domain. Three domains are indicated at the left. The relatedness of domain A and C HMAbs has been described previously (12) .
A, B, and C segregation is not a subtype-specific phenomenon (data not shown). The new group of antibodies was tested further by cross-competition, and their degree of relatedness was plotted in a hierarchical fashion using a dendrogram (Fig. 2B ). In this analysis, the most closely related antibodies among the domain B HMAbs are placed next to one another as determined by an algorithm described previously (12) . HC-1 is most closely related to HC-2, and HC-11, HC-12, and HC-13 are more closely related to each other as a subgroup. CBH-5 is closer to HC-11, HC-12, and HC-13 than to HC-1 and HC-2. The small distance apparent between the antibodies points to a series of overlapping epitopes. Since antibodies recognizing overlapping epitopes within a domain might be expected to possess similar functional activities (12) , the five HC HMAbs were evaluated for their neutralization activities via blocking E2 binding to CD81. Neutralization was tested with infectious genotypes 1a and 2a HCVcc. For 2a HCVcc, neutralizing activity was measured by two assays, the inhibition of the NS3 protein expression in infected Huh7.5 cells, using Western blotting analysis (Fig. 3A) , and a focus-forming unit (FFU) reduction assay (Fig. 3C ). The effect of each HMAb on 1a HCVcc infectivity was determined by the FFU reduction assay (Fig. 3B and C) . As shown in Fig. 3A , neutralization of 2a HCVcc was complete with each HC HMAb at 10 g/ml, as assessed by immunoblotting for HCV NS3 expression. In contrast, the infectivity of 2a HCVcc was unaffected by the negative control antibody, RO4, in comparison to that of the no antibody control (phosphate-buffered saline [PBS] ). The levels of ␤-actin protein used as an internal loading control for the immunoblots were comparable between different samples. More quantitative measures of neutralization potency were determined by calculating the 50% inhibitory concentration (IC 50 ). HCVcc 2a virions (HCV titer at 10 5 FFU/ml) were incubated for 1 h with a range of concentrations for each HMAb (0.001 to 100 g/ml) before Huh7.5 cells were infected. Neutralizing activity was again determined by NS3 protein expression in the infected cells, using ␤-actin protein as an internal control. As shown in Fig. 3C , HC HMAbs neutralized 2a HCVcc with IC 50 values ranging from 0.04 to 1.1 g/ml. Samples were harvested at 72 h postinfection for Western blotting analysis. The HCV NS3 protein expression was determined by using a murine MAb to NS3 (2). The ␤-actin protein used as an internal control was detected by using an anti-␤-actin monoclonal antibody. R04 was used as a negative control. PBS was used as a reagent control. (B) Virus neutralization of genotype 1a HJ3-5 HCVcc infection as determined by FFU reduction (22, 23) . Infectious genotype 1a HJ3-5 chimeric virus inoculum was incubated with each HMAb at different concentrations, as indicated, for 1 h at 37°C prior to inoculation of Huh7.5 cells preseeded onto eight-well tissue culture chamber slides. Cells were fixed and stained with a MAb to core antigen at day 4 postinfection and enumerated by FFU assay. (C) The inhibitory antibody concentrations reducing HCV infection by 50%, IC 50 , of HC HMAbs with genotypes 2a and Ia infectious virions. Neutralization was assessed by two methods: the reduction of NS3 expression as monitored by Western blotting (WB) analysis (10) and reduction in focus-forming units (FFU) as described previously (22, 23) . Antibody affinity measurements were performed by ELISA with Galanthus nivalis-captured 1a E2 as described previously (11) . Data were analyzed by nonlinear regression to ascertain the antibody disassociation constant, K d , using Prism software (GraphPad). (D) Neutralization with HCVpp pseudotyped with the E1 and E2 sequences of genotypes 1 to 6. Each antibody was tested at 20 g/ml. The numbers are percentages of neutralization compared to that of the no-antibody control. RO4 is an isotype-matched HMAb to HCMV. The E1 and E2 sequences used were those described previously (16 (Fig. 3B and C) was measured only in the FFU reduction assay, using concentrations of each HC HMAb ranging from 0.05 to 100 g/ml. The IC 50 values ranged from 0.5 to 4.6 g/ml. Importantly, each of the antibodies showed significantly greater potency than CBH-5 for neutralizing 1a HCVcc, as CBH-5 was not capable of causing a 50% reduction in FFU, even at 100 g/ml (Fig. 3B) . This may reflect subgenotypespecific differences in their respective epitopes, since CBH-5 was isolated from a 1b-infected patient and the new HC antibodies were isolated from a 1a-infected patient. Thus, although domain B is conserved as an antigenic site recognized by neutralizing antibodies in both of these subgenotypes, there appear to be significant differences in some of the epitopes that comprise this cluster. Among the expanded panel of domain B HMAbs, neutralization potency was correlated with antibody binding affinity. CBH-5 has a lower antibody binding affinity for the 1a E2 genotype, with a K d (dissociation constant of 2.2 ϫ 10 Ϫ7 M) (12), compared to the affinities of the HC HMAbs, with K d s 1.3 ϫ 10 Ϫ9 and 6.6 ϫ 10 Ϫ9 M (Fig. 3C ). The breadth of cross-neutralization was investigated by measuring the neutralization activities of each antibody at 20 g/ml against the genotypes 1a, 1b, 2a, 2b, 3a, 4, 5, and 6 (16) HCVpp (Fig. 3D) . The production and use of HCVpp neutralization assays have been described previously (10) . As shown in Fig.  3D , each of the HC HMAbs reduced 1a and 1b HCVpp infection by over 80%. Reduction of genotype 2a, 2b, 3a, 4, 5, and 6 HCVpp infection ranged from 30 to 60% compared to that of R04, an isotype-matched control antibody. However, HC-11, HC-12, and HC-13 failed to neutralize genotype 5 HCVpp infection. These results suggest that the HC HMAbs targeting domain B are, in general, capable of mediating broad virus neutralization across multiple genotypes, although there are differences in both the specificity and the efficiency among the individual HMAbs. One possibility is that antibody affinities to these genotypes are less than those to genotype 1a and 1b, since all the HC HMAbs bound to E2 from each of these genotypes, as detected by immunofluorescence assay, which suggests that the cognate epitopes are conserved among different HCV genotypes and subtypes (data not shown).
Previous work suggests that the domain B HMAbs described previously neutralize virus by inhibiting the binding of E2 to CD81. We used a CD81 capture assay to determine if the HC HMAbs shared this potential neutralization mechanism. As shown in Fig. 4A , preincubation of E2 with 15 g/ml of each HC HMAb or CBH-5 reduced E2 binding to CD81 by over 90%, compared to that of the RO4 negative control. Thus, similar to other domain B HMAbs, the HC HMAbs appear to mediate neutralization by inhibiting an intermediate step in virus entry that involves the binding of the E2 glycoprotein to the cell surface protein CD81. Taken together, these results are consistent with a model in which antibodies that recognize overlapping conformational epitopes within a distinct immunogenic domain on the E2 glycoprotein have similar functions. The isolation of these antibodies to domain B from patients infected with different virus subgenotypes confirms that the domain B epitopes are highly immunogenic and elicit potent neutralizing antibody responses in HCV-infected persons.
Next, we carried out alanine scanning mutagenesis to define the residues within the HC HMAb epitopes that are engaged in E2-CD81 interactions. Since HC-1 is more cross-competitive with HC-2 and HC-11, HC-12, and HC-13 are more competitive with each other than with HC-1 or HC-2 ( Fig. 2) , HC-1 and HC-12 were selected as representative antibodies for epitope mapping studies. A series of E2 proteins mutated as point mutations between residue 523 and 540 were generated by site-directed mutagenesis (Stratagene). This region contains Trp529, Gly530, and Asp535, which are known to be essential contact point residues for E2 binding to CD81 (17) . In addition, the residues Gly523, Pro525, Gly530, and Asp535 are known to be involved in the CBH-5 epitope (16) . Mutated E2 proteins were expressed in HEK 293 cells, and the binding of antibodies to cell lysates analyzed by ELISA (Fig. 4B and C) . To account for potential differences in E2 abundance in cell lysates, results were normalized according to the detection of E2 by an antibody to a linear epitope outside of domain B, CBH-17 (6) . CBH-4G, a nonneutralizing HMAb (12) , was included as a control to identify residues that are specific to HC-1 or HC-12. A lack of binding by both CBH-4G and the HC HMAb would suggest that an alanine substitution had caused either an overall change in E2 conformation or that there is some degree of overlap between the neutralizing and the nonneutralizing epitopes (Fig. 4B) . Compared to that of the wild type, HC-1 binding was significantly reduced (by 90% or more) by the replacement of Trp529, Gly530, and Asn540 with alanine. However, since Asn540 is modified by N-linked glycosylation, it is not likely to be part of an epitope. In addition, substitution of this residue alters the folding of E2 (5) . A mutation at position Asp535 also specifically decreased HC-1 binding by Ͼ80%. For HC-12, a significant decrease in binding (Ͼ90%) was observed when Asp535 and Asn540 were replaced by alanine, as shown in Fig. 4C . A mutation at Gly530 also decreased HC-1 binding by Ͼ80%. In contrast to HC-1, a mutation at Trp529 reduced HC-12 binding by only 44% compared to that of the wild type. Collectively, these results show that Trp529, Gly530, and Asp535 are specific contact residues for HC-1, while Gly530 and Asp535 are contact residues for HC-12. These two contact patterns suggest that the HC-12 epitope is closer to the CBH-5 epitope, which also involves Gly530 and Asp535 but with at least one different contact point at Gly523 (16) . Indeed, competition studies also suggest that the HC-12 epitope is spatially closer to CBH-5 than to either HC-1 or HC-2 (Fig. 2) . Both HC-1 and HC-12 bind to E2 with alanine substitutions at Gly523, in contrast to CBH-5, which showed no binding. Thus, the ability of HMAbs HC-1 and HC-12 to neutralize HCVpp and HCVcc infections is associated with interactions with residues that are also contact points for E2 binding to CD81. The differences in cross-reactivity and neutralizing potency for different isolates suggest that HMAbs HC-1 and HC-12 each bind to discontinuous epitopes involving other contact points that have yet to be defined. These putative residues may or may not be involved directly in E2 binding to CD81. Recent studies show that other broadly neutralizing human antibodies recovered from combinatorial libraries isolated from three HCVinfected individuals, two with genotype 1a or 2b virus, also recognize epitopes containing Gly523, Trp529, Gly530, and Asp535 (9, 15, 18) .
In aggregate, these results suggest that domain B is an immunodominant region on HCV E2, containing multiple overlapping neutralization epitopes, and induces potent neutralizing antibodies in patients infected with different genotype 1 subtypes. Previous studies show that HCVpp with an alanine substitution mutation at Asn532 demonstrates enhanced sensitivity for neutralization by sera obtained from individuals infected with genotype 1a, 1b, 2b, 3, 4, or 5 virus (4). This suggests that these sera contain antibodies directed at residues near Asn532, in close proximity to residues contributing to domain B. These results thus confirm that the epitopes comprising domain B are frequent targets of the humoral immune response in patients with chronic hepatitis C infection. However, from a vaccine perspective, additional studies are required to determine which of the domain B epitopes may be prone to accumulate mutations under immune pressure that lead to virus escape from neutralization, as observed with the antibody response to HVR1, and which if any domain B epitopes must remain relatively invariant to accommodate the interaction of E2 with CD81 required for viability of the virus.
